Integration host factor (IHF) is a small heterodimeric protein of the class of histone-like proteins of Escherichia coli (17) . Besides the putative role in compacting the bacterial chromosome, IHF is involved in many cellular processes (1, 14) , such as DNA replication, integration and packaging of phage , and transposition of phage Mu. IHF has an architectural role in most of these processes. Its binding results in strong bending of the DNA, which facilitates the formation of nucleoprotein complexes. IHF also influences gene expression both positively and negatively (8) . For the activation of transcription from a number of 54 promoters, IHF acts as an architectural factor (10) . Binding of IHF to its site induces a DNA loop that facilitates the contact between RNA polymerase at the promoter and an activator bound further upstream. Another indirect mechanism for IHF-mediated activation has been found for the early promoter (Pe) of bacteriophage Mu (22) . H-NS represses transcription from Pe by binding to a relatively large region overlapping this promoter. Binding of IHF alleviates this inhibition, by interfering with the formation of a repressive H-NS-DNA complex.
IHF can also activate transcription directly, without the involvement of other proteins. This was shown in vivo and in vitro for the phage P L 1 promoter (2, 3), the ilvGMEDA P G 2 promoter (16) , and the Pe promoter (11, 20) . The ihf binding sites in these promoter regions are centered around position Ϫ81 for P L 1 and Pe ( Fig. 1 ) and around position Ϫ95 for the P G 2 promoter (16) . Direct activation of transcription in vitro from both the P L 1 and Pe promoters requires the C-terminal domain of the ␣ subunit (␣CTD) of the RNA polymerase complex (4, 22) and was shown to be dependent on the helical phasing of the ihf binding site and the promoter (3, 20, 22) .
The homologous ␣ and ␤ subunits of the IHF protein share only about 30% amino acid identity, implying that the protein is not fully symmetric. The DNA to which IHF binds is also not symmetric, since the consensus sequence of 13 bp (WATCAA NNNNTTR) is located in one-half of the DNA region that IHF protects in a DNase I footprint (25) . From data derived from genetical and biochemical studies (9, 12, 13, 24, (26) (27) (28) , combined with the structure of the homologous HU protein of Bacillus stearothermophilus (19) , a model of the IHF-DNA complex has emerged (14) . According to this model, the two DNA-binding arm regions of the protein encircle the DNA in the minor groove, with the IHF ␣ arm contacting the WAT CAA moiety of the consensus sequence, whereas the arm of the IHF ␤ subunit contacts the DNA at the 5Ј side of this sequence. The DNA flanking the arm-binding sequences is contacted by the "body" of the IHF protein, resulting in a more or less symmetrical bending of the DNA of at least 140°. The center of this bend has been shown to be located near the W residue of the consensus sequence ( Fig. 1) (15) . The asymmetry of the IHF protein has been proposed to be important for sequential binding of the different IHF domains to a relatively large DNA region (24) . The asymmetry might also reflect an asymmetric function of the protein in specific IHF-mediated processes. Activation of the Pe promoter by IHF is mediated via stabilization of the binding of the ␣CTD of RNA polymerase to a region upstream of the Ϫ35 promoter element (23) . Whether this stabilized binding of the ␣CTD results from protein-protein interaction between IHF and the ␣CTD or results from a conformational change in the DNA induced by IHF remains unknown.
We investigated the importance of the asymmetry of the IHF-DNA complex for IHF-mediated activation of transcription from the Pe promoter, by inverting the ihf recognition site and thus the orientation of the IHF protein bound at this site with respect to the promoter. The characteristics of the strains and plasmids used in this study are given in Table 1 . A DNA construct was made in which the ihf site is inverted with respect to the Pe promoter, considering the W residue of the ihf consensus sequence (in fact a T) to be the axis of symmetry (Fig. 1) . To obtain such a construct, first an EcoRI-HindIII fragment containing the left region of the Mu genome (coordinates 1 to 1003), including the ihf site and the Ϫ35 promoter element of the Pe promoter, was inserted in the polylinker of pUC18. An oligomer containing the inverted IHF binding site (3Ј-GATATTTCAATGAAAAGTTTTAAAATTGCGCAACT ATTTATTCCTCAAATAGTCATTAGTTTCCTTAAATGGT TTTTCGTCGAAATGTTTTTCGAAAAGTCA-5Ј [ihf consensus sequence underlined]) was used in combination with the reversed pUC18 primer to obtain a PCR fragment with the inverted site. This fragment was digested by TaqI and HindIII and cloned into the ClaI-HindIII sites of plasmid pGP750, which contains a Pe-galK promoter fusion (21) . In the resulting plasmid, pGP1446, the wild-type ihf site is exchanged for an inverted ihf site, without affecting other sequences of the Pe promoter region (Fig. 1) .
To investigate whether inversion of the ihf site would affect either of the two mechanisms of IHF-mediated activation of the Pe promoter, we measured the expression of the galK reporter gene of plasmid pGP1446 in vivo, in the presence and absence of IHF or H-NS, and compared it to the activity of wild-type plasmid pGP750 ( Table 2 ). Inversion of the ihf site did not change the level of basal expression from the Pe promoter (pp3297), and the H-NS-mediated repression was not affected (pp3295). This indicates that the formation of the repressive H-NS complex is not altered by changing the sequence of the ihf region. IHF can also alleviate H-NS-mediated repression (pp3294), indicating that when IHF binds to the inverted site, it still interferes with the formation of the repressive complex. In addition, the IHF-mediated direct activation of transcription from the Pe promoter is not affected. The binding of IHF to the DNA in an inverted orientation thus results in normal stabilization of the binding of the ␣CTD.
This suggests that if activation of transcription is mediated via protein-protein interaction between IHF and the ␣ subunit, residues involved in this interaction should be symmetrically present on both sides of the heterodimer. In other words, interaction would then involve amino acids that are identical in both subunits. An alternative model for direct activation is that the stabilization of the binding of the ␣CTD requires a conformational change in the DNA, induced by the binding of IHF. Such conformational changes should then be similar, regardless the orientation of the IHF/DNA complex and thus functionally symmetrical. The position and orientation of the ihf site upstream of the P L 1 promoter of phage is identical to that of the site in the Pe promoter (5) . It has been suggested that IHF activates transcription from the P L 1 promoter by promoting the binding of the ␣CTD to the nonspecific half of the ihf site (5). For the Pe promoter, however, there are indications that the ␣CTD binds to the region between the ihf site and the Ϫ35 promoter element (23) . The results presented in this paper show that binding of the ␣CTD to the ihf site is unlikely, at least in the case of Pe, since the inversion of the ihf site not only results in an inversion of this putative ␣CTD binding region, but also this region would be orientated differently with respect to the promoter.
It has been shown that changing the distance by 1 bp between the IHF bound at its site and the RNA polymerase complex bound at the promoter significantly influences the IHF-mediated activation as a result of the altered positioning of the two proteins on the DNA helix (20, 22) . Inversion of the ihf site around the W residue of the consensus sequence ( Fig.  1) does not alter the level of transcription from the Pe promoter in the presence of IHF, indicating that the position of IHF on the DNA helix when bound to the inverted site is exactly the same as that in the wild-type complex. This implies that the W residue of the consensus is indeed located at the axis of symmetry of the IHF-DNA complex, as was suggested by the experiments described by Nunes-Düby et al. (15) .
Since the Pe promoter controls the genes needed for transposition of bacteriophage Mu (6), the IHF-mediated activation of this promoter is essential for Mu growth. In addition to the effect on transcription, however, IHF bound at the same site has been shown to stimulate the transposition event itself (18) . It has been shown in vitro that IHF helps the strand transfer reaction of mini-Mu constructs located on plasmids with reduced levels of supercoiling. The ihf site is part of the transposition enhancer, and binding of IHF is thought to stimulate the activity of this enhancer by facilitating transposase interactions, although it has never been shown directly that IHF also stimulates this activity in vivo. To test whether the putative function of IHF in Mu transposition is also symmetric, we constructed complete Mu phages in which the ihf site is inverted. For this purpose, the same PCR fragment containing the left end of the Mu genome including the inverted site was digested with EcoRI and HindIII and inserted in plasmid pGP1335. In the resulting plasmid, the left end of the Mu genome (coordinates 1 to 1003) is fused to the ner, A, and B genes of Mu (coordinates 1004 to 5000). The resulting plasmid pGP1449 was subsequently recombined in vivo with a defective Mu prophage which was deleted to the left of the B gene. This was achieved by transforming pGP1449 to strain KMBL 1646, after which phages were isolated as described previously (7). Recombination not only resulted in viable phages, but these phages gave rise to lysates with titers that are comparable to those of isogenic phages with normal ihf sites. The binding of IHF to its site upstream of the Pe promoter, therefore, is functionally symmetrical for all processes required for Mu development.
